Abstract-We reported previously that urinary angiotensinogen (UAGT) levels provide a specific index of the intrarenal renin-angiotensin system (RAS) status in angiotensin II-dependent hypertensive rats. To study this system in humans, we recently developed a human angiotensinogen ELISA. To test the hypothesis that UAGT is increased in hypertensive patients, we recruited 110 adults. Four subjects with estimated glomerular filtration levels Ͻ30 mL/min per 1.73 m 2 were excluded because previous studies have already shown that UAGT is highly correlated with estimated glomerular filtration in this stage of chronic kidney disease. Consequently, 106 paired samples of urine and plasma were analyzed from 70 hypertensive patients (39 treated with RAS blockers [angiotensin-converting enzyme inhibitors or angiotensin II type 1 receptor blockers; systolic blood pressure: 139Ϯ3 mm Hg] and 31 not treated with RAS blockers [systolic blood pressure: 151Ϯ4 mm Hg]) and 36 normotensive subjects (systolic blood pressure: 122Ϯ2 mm Hg). UAGT, normalized by urinary concentrations of creatinine, were not correlated with race, gender, age, height, body weight, body mass index, fractional excretion of sodium, plasma angiotensinogen levels, or estimated glomerular filtration. However, UAGT/urinary concentration of creatinine was significantly positively correlated with systolic blood pressure, diastolic blood pressure, urinary albumin:creatinine ratio (rϭ0.5994), and urinary protein:creatinine ratio (rϭ0.4597). UAGT/urinary concentration of creatinine was significantly greater in hypertensive patients not treated with RAS blockers (25.00Ϯ4.96 g/g) compared with normotensive subjects (13.70Ϯ2.33 g/g). Importantly, patients treated with RAS blockers exhibited a marked attenuation of this augmentation (13.26Ϯ2.60 g/g). These data indicate that UAGT is increased in hypertensive patients, and treatment with RAS blockers suppresses UAGT, suggesting that the efficacy of RAS blockade to reduce the intrarenal RAS activity can be assessed by measurements of UAGT. 
U ncontrolled hypertension induces structural and functional alterations in the kidney, which can eventually lead to end-stage renal disease. 1 Effective control of blood pressure retards the progression of renal failure and reduces the morbidity and mortality rates associated with hypertensive vascular disease. [2] [3] [4] Recent findings related to the reninangiotensin system (RAS), which is one of the most important mechanisms for blood pressure regulation and electrolyte homeostasis, have provided an improved understanding of the pathophysiology of hypertension. 5, 6 In recent years, the focus of interest on the RAS has shifted to a main emphasis on the role of the local/tissue RAS in specific tissues. 7 Emerging evidence has demonstrated the importance of the tissue RAS in the brain, 8 heart, 9 adrenal glands, 10 and vasculature, 11, 12 as well as the kidneys. 5, 6 There is substantial evidence that the major fraction of angiotensin II present in renal tissues is generated locally from angiotensinogen (AGT) delivered to the kidney, as well as from AGT locally produced by proximal tubule cells. 13 Renin secreted by the juxtaglomerular apparatus cells into the renal interstitium and vascular compartment also provides a pathway for the local generation of angiotensin I. 14 Angiotensin-converting enzyme is abundant in the kidney and is present in proximal tubules, distal tubules, and collecting ducts. 15 Angiotensin I delivered to the kidney can also be converted to angiotensin II. 16 Therefore, all of the components necessary to generate intrarenal angiotensin II are present along the nephron. 5, 6 AGT is the only known substrate for renin, the ratelimiting enzyme of the RAS. Because the level of AGT is close to the Michaelis-Menten constant for renin, not only renin levels but also AGT levels can control the activity of the RAS, and upregulation of AGT levels may lead to elevated angiotensin peptide levels and increases in blood pressure. 17, 18 Recent studies on experimental animal models and transgenic mice have documented the involvement of AGT in the activation of the RAS and the development of hypertension. 19 -27 Genetic manipulations that lead to overexpression of AGT have consistently been shown to cause hypertension. 28, 29 In human genetic studies, a linkage has been established between the AGT gene and hypertension. 30 -33 Thus, AGT plays an important role in blood pressure regulation.
Recently, we reported that urinary excretion rates of AGT provide a specific index of intrarenal RAS status in angiotensin II-dependent hypertensive rats. 34 -38 In addition, we recently developed a direct quantitative method to measure urinary AGT using human AGT ELISA. 39 These data prompted us to measure urinary AGT in hypertensive patients and to investigate correlations with clinical parameters. Therefore, this study was performed to test the hypothesis that urinary AGT levels are enhanced in hypertensive patients and correlated with some clinical parameters.
Methods

Study Design and Sample Collections
The experimental protocol of this study was approved by the institutional review board and by the clinical and translational research center at Tulane University. A total of 110 subjects were recruited in Tulane University Health Sciences Center and associated clinics, and all of the samples were obtained with written informed consent. Four subjects with estimated glomerular filtration rates Ͻ30 mL/min per 1.73 m 2 were excluded, because previous studies have already shown that urinary angiotensinogen (UAGT)/urinary concentration of creatinine (UCre) levels are highly correlated with estimated glomerular filtration rate in this stage of chronic kidney disease. 40, 41 Consequently, 106 paired samples of urine and plasma were analyzed from 70 hypertensive patients (39 treated with RAS blockers [angiotensin-converting enzyme inhibitors {nϭ30} or angiotensin II type 1 receptor blockers {nϭ9}] and 31 not treated with RAS blockers) and 36 normotensive subjects. A random spot urine sample and a blood sample were obtained from participants at clinic visit. Height, body weight, systolic blood pressure, and diastolic blood pressure were also recorded on the same day.
Measurements
Serum concentrations of sodium, potassium, and creatinine and urinary concentrations of sodium, potassium, and protein were measured in the clinical laboratory in the Tulane University Health Sciences Center. Urinary concentrations of albumin and creatinine were measured with a DCA 2000 Analyzer (Bayer). Plasma concentrations and urinary concentrations of AGT were measured with human AGT ELISA kits, as described previously. 39 The estimated glomerular filtration rate was calculated using the Modification of Diet in Renal Disease Formula (175ϫstandardized serum creatinine 42 which was found to correlate well with glomerular filtration rate corrected for body surface area in adults. 43 
Statistical Analyses
Pearson single-regression analyses and Spearman singleregression analyses were used for parametric data and nonparametric data, respectively. Standard least-squares method was used for multiple regression analysis. One-way ANOVA and Dunnett's test were used to compare group means. All of the data are presented as meansϮSEs. PϽ0.05 was considered significant. All of the computations, including data management and statistical analyses, were performed with JMP software (SAS Institute).
Results
Subjects Profiles and Laboratory Data
The flow chart of the grouping of the participants in this study is illustrated in Figure S1 (in the online data supplement available at http://hyper.ahajournals.org). The demographics and baseline laboratory data of the included subjects are summarized in Tables 1 and 2 . Figure 1 demonstrates single-regression analyses for urinary AGT:creatinine ratio (UAGT/UCre) with clinical parameters. UAGT/UCre levels are not correlated with race, gender, age, height, body weight, body mass index, serum sodium levels, serum potassium levels, serum creatinine levels, urinary sodium:creatinine ratio, urinary potassium:creatinine ratio, fractional excretion of sodium, plasma AGT levels (rϭ0.0172; Pϭ0.8589), or estimated glomerular filtration rate (rϭ0.1230; Pϭ0.2092). However, UAGT/UCre levels are significantly positively cor- 
Single-Regression Analyses
Multiple-Regression Analyses
Factors with significant single correlation with UAGT/UCre levels were adopted as explanatory variables in multipleregression analysis. To reduce the impact of multicollinearity, we selected explanatory variables so that the mean sum of squares for the residual would be minimal in multiple-regression analysis. As a result, systolic blood pressure and urinary protein:creatinine ratio were excluded, as described in Table 3 . Using the remaining 2 parameters, multiple-regression analysis was re-evaluated. As described in Figure 2 , only 2 parameters can account for Ϸ40% of variation of UAGT/UCre levels (rϭ0.6212; R 2 ϭ0.3859; PϽ0.0001).
Urinary AGT Levels in Hypertensive Patients
Figure 3 exhibits UAGT/UCre levels in hypertensive patients with/without RAS blockade and in normotensive subjects. UAGT/UCre levels were significantly greater in hypertensive patients without RAS blockade (25.00Ϯ4.96 g/g) compared with normotensive subjects (13.70Ϯ2.33; Pϭ0.0208). Importantly, the usage of RAS blockade prevented the augmentation (13.26Ϯ2.60; Pϭ0.0147) observed in hypertensive patients without RAS blockade.
Discussion Grouping
In this study, we randomly recruited female and male subjects between the ages of 18 and 80 years from all races without any bias in the selection process. Accordingly, there were some deviations in the grouping of race, age, body weight, and body mass index (Table 1) . However, it is very important to emphasize here that all of these parameters (race, age, body weight, and body mass index) were not correlated with UAGT/UCre levels, as described above. Therefore, it seems unlikely that these deviations affected the final results reported herein.
Origin of Urinary AGT
Although most of the circulating AGT is produced and secreted by the liver, the kidneys also produce AGT. 6 Intrarenal AGT mRNA and protein have been localized to proximal tubule cells, indicating that the intratubular angiotensin II could be derived from locally formed and secreted AGT. 44, 45 The AGT produced in proximal tubule cells appears to be secreted directly into the tubular lumen in addition to producing its metabolites intracellularly and secreting them into the tubular lumen. 46 Proximal tubular AGT concentrations in anesthetized rats have been reported in the range of 300 to 600 nmol/L, which greatly exceeded the free angiotensin I and angiotensin II tubular fluid concentrations. 5 Because of its molecular size (Ϸ50 -60 kDa), little plasma AGT is expected to filter across the glomerular membrane, further supporting the concept that proximal tubular cells secrete AGT directly into the tubules. 47 To determine whether circulating AGT is a source of urinary AGT, human AGT was infused into hypertensive and normotensive rats, and it was found that circulating human AGT was not detectable in the urine. 37 The failure to detect human AGT in the urine indicates limited glomerular permeability and/or tubular degradation. These findings support the hypothesis that urinary AGT comes from the AGT that is formed and secreted by the proximal tubules and not from plasma.
In agreement with this concept, plasma AGT levels were not correlated with UAGT/UCre levels in this study. Moreover, plasma AGT levels were not different among the 3 groups, although UAGT/UCre levels were significantly different among the 3 groups in this study. Therefore, it seems highly likely that AGT in urine originates from AGT in the kidney and not from AGT in plasma.
Enhanced Urinary AGT in Hypertensive Patients Is not a Nonspecific Consequence of Proteinuria
As described previously, we reported that urinary excretion rates of AGT provide a specific index of intrarenal RAS status in angiotensin II-dependent hypertensive rats. 34 -38 To determine whether the increase in urinary AGT excretion was simply a nonspecific consequence of the proteinuria and hypertension, additional studies were performed in rats made hypertensive with deoxycorticosterone acetate salt plus a high-salt diet. 37 Although urinary protein excretion in deoxycorticosterone acetate salt-induced volume-dependent hypertensive rats was in- creased to the same or greater extent, urinary AGT was significantly lower in volume-dependent hypertensive rats than in angiotensin II-dependent hypertensive rats and was not greater than in control rats. 37 Similar observations were obtained in a previous study in chronic kidney disease patients. 41 UAGT/UCre levels in diabetic nephropathy patients (795.67Ϯ296.03 g/g) and in membranous nephropathy (503.53Ϯ297.68 g/g) were much higher than the average in chronic kidney disease patients (273.17Ϯ62.22 g/g). 41 Importantly, an activated intrarenal RAS has been reported in the progression of renal injury in diabetic nephropathy, 48, 49 as well as in membranous nephropathy, 50 in human subjects. In contrast, UAGT/UCre levels in minimal change (8.28Ϯ3.70 g/g) were similar with that in control subjects (10.78Ϯ3.42 g/g), although patients with minimal change showed severe proteinuria. 41 These findings in hypertensive animals, as well as in chronic kidney disease patients, support the hypothesis that the enhanced urinary AGT in hypertensive patients in this study is not a nonspecific consequence of proteinuria.
In the present study, UAGT/UCre levels were significantly positively correlated with urinary albumin:creatinine ratio and urinary protein:creatinine ratio. Therefore, in many cases, subjects who showed high UAGT/UCre levels also showed high urinary albumin:creatinine ratio and/or high urinary protein:creatinine ratio. However, when individual values were examined, there were also cases where UAGT/UCre levels did not parallel urinary albumin:creatinine ratio ( Figure  1C ) and/or high urinary protein:creatinine ratio ( Figure 1D ). Also, preliminary data indicate that increased urinary AGT levels are precedent to increased urinary albumin levels and urinary protein levels in type 1 diabetic juvenile subjects (data not shown). Taken together, these data indicate that the enhanced urinary AGT in hypertensive patients in this study is not just a nonspecific consequence of proteinuria.
Urinary AGT Levels Are More Closely Correlated With Diastolic Blood Pressure Than With Systolic Blood Pressure
The Cardiovascular Health Study Collaborative Research Group demonstrated that the major predictor of diastolic blood pressure is the total peripheral vascular resistance determined by the compliance of blood vessels, as well as blood viscosity. 51 In addition, it is well established that isolated diastolic hypertension is observed in younger adults, especially in the early stage of hypertension, and reflects the increase in vascular resistance from arteriola to arteriole without sclerotic changes in major arteries. 52 In the present study, the population of hypertensive patients consists predominantly of younger adults with a median age of 50 years. In addition, an exclusion criterion of estimated glomerular filtration rate Ͻ30 mL/min per 1.73 m 2 was applied in the present study. Therefore, it seems likely that the hypertensive patients involved in the present study represent an early stage of hypertension with preserved renal function as evident by a normal range of serum creatinine, urinary protein:creatinine ratio, and estimated glomerular filtration rate (Table 2) . This may account for the reason why UAGT/UCre levels were more significantly correlated with diastolic blood pressure than with systolic blood pressure. Prospective studies involving patients in every stage of hypertension will qualify this issue.
Other Modulating Factors on Urinary AGT Levels
Hypertensive patients treated with RAS blockers had higher body mass index (Table 1) and lower urinary sodium excretion (Table 2) , thereby suggesting a possible state of insulin resistance. Thus, it is possible that urinary AGT levels are influenced by the difference in insulin sensitivity, in addition to the usage of RAS blockers. It is reported that insulin sensitivity modulates the activities of the circulating and tissue RAS. 53 In addition, it is also reported that cardiac function status 54 and glucose 55 and lipid 56 metabolism modulate activities of circulating and tissue RAS. We did not collect information of subject profiles with regard to insulin sensitivity, cardiac function status, diabetes mellitus, or dyslipidemia in this study. Separate studies focusing on these points may clarify the effects of other modulating factors on circulating and tissue RASs, as well as plasma and urinary AGT levels.
Hypertensive patients treated with RAS blockers showed not only lower urinary AGT levels ( Figure 3 ) but also lower values of systolic and diastolic blood pressures (Table 1) . Thus, it is possible that the attenuation of an increase in urinary AGT levels in hypertensive patients treated with RAS blockers may be because of a decrease in blood pressure, as well as RAS blockade. Different antihypertensive regimens are also potential factors having different effects on the circulating and tissue RASs and plasma and urinary AGT levels. To address this issue, first, we have subdivided the hypertensive patients without RAS blockade group into 5 subgroups according to the antihypertensive regimens: patients without any antihypertensives, patients treated with diuretics, patients treated with calcium channel blockers, patients treated with ␤-blockers, and patients treated with ␣-blockers and analyzed plasma and urinary AGT levels, as well as systolic and diastolic blood pressures. As illustrated in Table S1 , statistically there were no significant differences observed among the groups perhaps because of the low sample numbers in each subgroup. Second, we have subdivided the hypertensive patients in the RAS blockade group into 2 subgroups according to the antihypertensive regimens, patients treated with angiotensin-converting enzyme inhibitors and patients treated with angiotensin II type 1 receptor blockers, and analyzed plasma and urinary AGT levels, as well as systolic and diastolic blood pressures. As illustrated in Table S2 , these values are similar, and statistically significant differences were not observed between the 2 groups. Finally, we have compared plasma and urinary AGT levels, as well as systolic and diastolic blood pressures in hypertensive patients treated with calcium channel blockers and hypertensive patients treated with angiotensin II type 1 receptor blockers. As illustrated in Table S3 , whereas plasma AGT levels, as well as systolic and diastolic blood pressures, are similar between the 2 groups, urinary AGT levels appear to be lower in hypertensive patients treated with angiotensin II type 1 receptor blockers. However, statistically significant differences were not observed between the 2 groups, likely because of the low sample numbers in each subgroup. A prospective study to compare the effects of the antihypertensive regimens (especially a comparison between calcium channel blockers and angiotensin II type 1 receptor blockers) on urinary AGT levels may help to clarify this issue.
Conclusion
UAGT/UCre levels were investigated in hypertensive patients and normotensive subjects. UAGT/UCre levels were significantly positively correlated with systolic blood pressure, diastolic blood pressure, urinary albumin:creatinine ratio, and urinary protein:creatinine ratio. UAGT/UCre levels were not correlated with race, gender, age, height, body weight, body mass index, serum sodium levels, serum potassium levels, serum creatinine levels, urinary sodium:creatinine ratio, urinary potassium:creatinine ratio, fractional excretion of sodium, plasma AGT levels, or estimated glomerular filtration rate. UAGT/UCre levels were significantly greater in hypertensive patients without RAS blockade compared with normotensive subjects. Importantly, hypertensive patients with RAS blockade did not have this augmentation. Because urinary AGT originates from the AGT that is formed and secreted by the proximal tubules and not from plasma, the enhanced urinary AGT in hypertensive patients reflects on activated intrarenal RAS and is not just a nonspecific consequence of proteinuria. These data suggest that urinary AGT is a potential novel biomarker of the intrarenal RAS status in hypertensive patients. The efficacy of RAS blockade to reduce the intrarenal RAS activity can, thus, be confirmed by measurements of urinary AGT excretion rates.
Perspectives
Although the relatively small sample size is a potential limitation, this study demonstrates a statistically significant relationship between urinary AGT and systolic/diastolic blood pressure and urinary albumin/protein in hypertensive patients. We recognize that a larger multicenter, randomized, control study is required to extend the clinical applicability of these observations. Based on these findings, a randomized clinical trial has been projected to establish a novel diagnostic test to identify those hypertensive patients most likely to respond to a RAS blockade, which could provide useful information to allow a mechanistic rationale for a more educated selection of an optimized approach to the treatment of hypertensive patients. 
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